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Abstract Ship-based measurements of gas phase hydrochloric acid (HCl), particulate chloride (pCl�),
and reactive nitrogen oxides (NOy) were made in the polluted marine boundary layer along the California
coastline during spring 2010. These observations are used to assess both the rate of Cl atom production from
HCl and the role of direct HCl emissions and subsequent partitioning as a source for pCl�. Observations of HCl
made in coastal Southern California are broadly correlated with NOz (NOz≡NOy – NOx), peaking at 11 A.M.
The observed median HCl mixing ratio in Southern California is 1.3 ppb (interquartile range: 0.53–2.7 ppb), as
compared to 0.19 ppb (interquartile range: 0.10–0.38 ppb) measured along the Sacramento River between
San Francisco and Sacramento. Concurrent measurements of aerosol ion chemistry indicate that aerosol
particles sampled in Northern California are heavily depleted in Cl�, corresponding to a mean pCl� deficit of
0.05 ± 0.03 (1σ) ppb for sub-10 μm aerosol particles. In comparison, aerosols measured in Southern California
indicate that over 25% of particles showed an addition of Cl� to the particle population. Observations
presented here suggest that primary sources of HCl, or gas phase chlorine precursors to HCl, are likely
underestimated in the California Air Resource Board emissions inventory. These results highlight the need
for future field observations designed to better constrain direct reactive halogen emissions.

1. Introduction

Chlorine atoms (Cl) may play an important role in controlling the lifetime of methane [Finlayson-Pitts, 1993;
Pszenny et al., 2007; Singh and Kasting, 1988; von Glasow and Crutzen, 2003], impact net ozone (O3) production
rates in the marine boundary layer [Martinez et al., 1999; Pszenny et al., 2004; Riedel et al., 2012; Riedel et al.,
2013], and initialize VOC oxidation and peroxy radical (RO2) production [Finlayson-Pitts, 1993; Knipping and
Dabdub, 2002; Pszenny et al., 1993; Riedel et al., 2012; Riedel et al., 2013; Saiz-Lopez and von Glasow, 2012;
Young et al., 2014]. However, to date, no direct observations of Cl atom concentrations have been reported in
either the remote marine boundary layer or in polluted coastal regions. As a result, current estimates of Cl
atom concentrations are inferred through steady state approximation [Finlayson-Pitts, 1993], observations of
the net impact of Cl atoms on methane isotopologues [Allan et al., 2005; Platt et al., 2004], and through
observations of the relative concentrations of nonmethane hydrocarbons [Rudolph et al., 1997; Singh et al.,
1996;Wingenter et al., 1999, 1996, 2005]. In order to accurately assess the impact of Cl atom chemistry on the
oxidative capacity of the troposphere using steady state approaches, a complete description of Cl atom
precursors, Cl atom loss mechanisms, and the reaction kinetics that determine both Cl atom production and
loss rates are required.

Cl atoms are primarily generated in the marine boundary layer from the oxidation of HCl by hydroxyl radicals
(OH) and the photolysis of photolabile chlorine reservoir compounds (e.g., ClNO2, Cl2, and BrCl) that are either
directly emitted to the atmosphere or formed through heterogeneous and multiphase reactions on chloride-
containing aerosols [Finlayson-Pitts, 1993; Graedel and Keene, 1995; Riedel et al., 2012; Singh and Kasting, 1988;
von Glasow and Crutzen, 2003; Wingenter et al., 1996]. Under high-NOx conditions characteristic of the
polluted marine boundary layer, chlorine activation from sea spray aerosol is primarily initiated by the
reactive uptake of nitric acid (HNO3) and dinitrogen pentoxide (N2O5) [Finlayson-Pitts, 1993; Finlayson-Pitts,
2009; Osthoff et al., 2008], resulting in the production of Cl atom precursors HCl, ClNO2, and Cl2 [Saiz-Lopez
and von Glasow, 2012; von Glasow and Crutzen, 2003]. HCl is formed in situ through the partitioning of strong
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mineral acids, such as HNO3 and H2SO4, as well as low volatility organic acids onto chloride-containing
aerosol (e.g., (R1)) [Erickson et al., 1999; Gard et al., 1998; Keene et al., 1999; Laskin et al., 2012], and through
hydrogen abstraction by Cl atom reactions with volatile organic compounds (R2) [Graedel and Keene, 1995].
However, the chemistry that governs chlorine activation from sea spray aerosol under low-NOx conditions is
less well understood. Recent work by Laskin et al. [2012] suggests that acid displacement processes involving
low-volatility organic acids may play an important role in HCl volatilization from particles. In addition to the
oxidation of HCl, laboratory measurements and field observations suggest that autocatalytic multiphase
reactions involving HOCl may play an important role in sustaining elevated Cl atom concentrations in the
remote marine boundary layer [Lawler et al., 2011; Pechtl and von Glasow, 2007; Vogt et al., 1996].

HNO3 gð Þ þ Cl� aqð Þ→HCl gð Þ þ NO3
� aqð Þ (R1)

RH gð Þ þ Cl� gð Þ→R� gð Þ þ HCl gð Þ (R2)

There has been renewed interest in the coupling of reactive nitrogen oxides and chlorine cycles following
recent observations of elevated mixing ratios of ClNO2 in both coastal [Osthoff et al., 2008] and continental
regions [Thornton et al., 2010]. These observations have led to a reassessment of the reactive chlorine budget
on regional and global scales, suggesting a crucial role for HCl gas-particle partitioning in sustaining aerosol
chloride concentrations [Brown and Stutz, 2012; Osthoff et al., 2008; Riedel et al., 2012; Sarwar et al., 2012;
Thornton et al., 2010]. Observations of elevated ClNO2 (as high as 600 pptv) in continental air masses
[Thornton et al., 2010], which are traditionally thought to have limited Cl-containing aerosol, suggest that
direct HCl emission from anthropogenic activities (e.g., biomass burning, combustion, and industrial
processes) may contribute significantly to the chloride content of continental particles.

Gas phase HCl is directly emitted to the atmosphere from the combustion of chloride-containing fuels (e.g.,
waste incineration, biomass burning, and coal combustion), volcanic emissions, water treatment, and
emissions during manufacturing processes [Keene et al., 1999; Khalil et al., 1999; McCulloch et al., 1999].
Graedel and Keene [1995] estimated the globally integrated annual flux of HCl via sea-salt dechlorination to be
50 Tg Cl yr�1 by assuming that the primary sea-salt dechlorination pathway is acid displacement, an average
HCl mixing ratio of 200 pptv, and a deposition lifetime (τdep) for HCl of 1–2 days. However, Erickson et al.
[1999] could account for only 7.6 Tg Cl yr�1 from the uptake of strong acids such as H2SO4 and HNO3 on
chloride-containing particles. This lower estimate may be due to an underestimation of the incorporation of
H2SO4 into sea-salt aerosol and hence HCl volatilization or missing atmospheric processes that result in sea-
salt dechlorination. Recently, it has been suggested that organic acids may contribute to HCl volatilization
from sea-salt particles, potentially accounting for some of the discrepancy [Laskin et al., 2012]. Direct emission
of HCl has been estimated to be< 6.3 Tg Cl yr�1, 4.6 Tg Cl yr�1, and 2 Tg Cl yr�1 for biomass burning [Lobert
et al., 1999], coal combustion, and waste incineration [McCulloch et al., 1999], respectively, based upon
available inventories, including J. A. Logan and R. Yevich (unpublishedmanuscripts, 1998) and the Agency,O. I. E.
[1992]. However, the relative strengths of direct HCl emission and secondary HCl production are highly
variable spatially, where sea-salt dechlorination is thought to dominate in the marine boundary layer, while
continental regions are likely to be more directly influenced by biomass burning, coal combustion, and
waste incineration processes.

Figures 1b and 1c show the total anthropogenic HCl primary emissions and HCl production rate from sea-salt
dechlorination, respectively, as determined by the Reactive Chlorine Emissions Inventory (RCEI) as part of
the Global Emission Inventory Activity (GEIA) initiative [Keene et al., 1999]. Sea-salt dechlorination was
estimated using the output of general circulation models, where the sea-salt distribution is a function of
model surface wind stress, turbulence, and dry and wet deposition. HCl emissions were estimated [Keene
et al., 1999; Lobert et al., 1999;McCulloch et al., 1999] using ambient measurements, population estimates, and
current understanding of the reaction processes and rates. Keene et al. [1999] determined that combined coal
combustion, incineration, and biomass burning yields 12.9 Tg Cl yr�1, accounting for about 20% of the
globally, annually averaged source of HCl in the troposphere. Based on the RCEI, anthropogenic sources
are responsible for 2.59 × 10�2 Tg Cl yr�1 and 1.70 × 10�2 Tg Cl yr�1 for the Southern California (SC) and
Northern California (NC) regions defined in Figure 1a, respectively, which accounts for 92% and 79% of the
total HCl production in those regions, respectively. Sea-salt dechlorination therefore accounts for 8% and
21% of the total HCl RCEI emissions observed in the SC and NC regions, respectively.
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During California Research at the Nexus of Air Quality and Climate Change (CalNex) 2010, numerous known
HCl anthropogenic sources were sampled, including ship emissions, oil refineries, waste incineration,
sanitation, and manufacturing facilities. The location and emission rates (kg yr�1), as determined using the
California Emissions Inventory Development and Reporting System (CEIDARS Database) maintained by the
California Environmental Protection Agency Air Resource Board (ARB), for all known HCl point sources in NC
and SC California are shown in Figure 1a (V. Agusiegbe, personal communication, 2012) and are categorized
by emission type: manufacturing, refinery, sanitation processes, incineration processes, and other emission
sources. The emission type is represented by color, and the source strength is scaled to the size of the
symbol. HCl emissions in the Northern and Southern California sampling domain collectively represent
1.22 × 10�4 Tg Cl yr�1 (38 sources) and 1.37 × 10�5 Tg Cl yr�1 (33 sources), respectively, significantly
lower than the quoted anthropogenic source in the RCEI (1.70 × 10�2 Tg Cl yr�1 and 2.59 × 10�2 Tg Cl yr�1 for
NC and SC, respectively). The discrepancy between the RCEI and the ARB inventory highlights (1) decreases in
HCl emissions within the last decade, (2) spatial differences due to selection of sampling region, (3) inclusion
of nonpoint sources other than sea-salt dechlorination (e.g., combustion in residential areas) that are not
included in the ARB inventory, and/or more likely (4) the uncertainty in current HCl emissions from
anthropogenic activities in both inventories. The RCEI HCl production rate from sea-salt dechlorination is
estimated to be 4.54 × 10�3 and 2.30 × 10�3 Tg Cl yr�1 for NC and SC, respectively. If we assume HCl
anthropogenic emissions from the ARB inventory and dechlorination rates from RCEI are correct,
anthropogenic emissions would account for 2.6% and 0.6% of the total HCl production in NC and SC,
respectively. This comparison illustrates sea-salt dechlorination is the major production pathway of HCl
globally, as previous studies have reported [Erickson et al., 1999; Keene et al., 2007], though primary sources of
HCl may be a significant local source of HCl.

The atmospheric lifetime of HCl is primarily controlled by wet and dry deposition, where the dry deposition
velocity in marine environments has been estimated to range between 1 and 5 cm s�1 [Finlayson-Pitts and
Pitts, 1999]. At a deposition rate of 1 cm s�1 and boundary layer height of 1 km, the lifetime of HCl with
respect to dry deposition is 1.2 days. In comparison, the 24 h averaged lifetime of HCl with respect to OH
oxidation is about 15 days (kOH+HCl (298 K) = 8 × 10�13 cm3 molecule�1 s�1 and [OH]24 h = 1 × 106 molecules
cm�3). Equilibrium partitioning of HCl to aerosols is pH dependent, where basic to circumneutral aerosols
are expected to be a net sink for HCl [Keene et al., 1990; Watson et al., 1990]. Collectively, HCl lifetime in
the marine boundary layer and thus the integrated Cl atom production rate stemming from HCl reactions
with OH is a strong function of the deposition rate of HCl.

Accurate measurements of gas phase HCl are required to assess the production rate of Cl atoms via direct OH
oxidation of HCl and to determine howHCl gas particle partitioning impacts particulate chloride concentrations

Figure 1. (a) The R/V Atlantis ship track during CalNex 2010. Colored circles depict primary HCl sources in Northern and Southern California as defined by the California
Emissions Inventory Development and Reporting System (CEIDARS Database). The color and size of the circle represents the source type and HCl emission rate,
respectively. The gray dashed boxes highlight Northern and Southern California sampling regions. (b) HCl emission rates from anthropogenic sources [McCulloch et al.,
1999] and (c) HCl production rates from sea-salt dechlorination reactions, as determined by the GEIA RCEI inventory [Erickson et al., 1999; Keene et al., 1999].
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and subsequent activation of pCl� to ClNO2 via N2O5 heterogeneous reactions. In what follows, we first review
previous HCl measurements in the polluted marine boundary layer and Cl atom production rates from HCl.
We then describe a new set of high time resolution observations of HCl that are used to assess HCl sources to
the polluted marine boundary layer and the direct production of Cl atoms from HCl oxidation.

1.1. Previous Tropospheric Measurements of HCl

Previous measurements of HCl mixing ratios in continental and marine air masses are summarized in Table 1.
HCl mixing ratios are highest in polluted coastal regions and typically less than 1 ppbv over continental
regions. In general, HCl is broadly correlated with HNO3. The correlation is a result of the similar, fast
deposition rate (1–5 cm s�1) for HCl and HNO3 [Finlayson-Pitts and Pitts, 1999; Graedel and Keene, 1995] as well
as a common dependence of HNO3 and HCl gas phase mixing ratios on solution acidity in phase partitioning
and meteorological conditions (i.e., boundary layer height and relative humidity) [Finlayson-Pitts and Pitts,
1999]. HCl mixing ratios have been shown to exceed HNO3 in polluted environments [Johnson et al., 1987;
Matsumoto and Okita, 1998].

1.2. Chlorine Atom Production Rates From HCl

In polluted coastal regions, Cl atoms are produced from an array of reactive and photolabile chlorine-
containing reservoirs (e.g., HCl, ClNO2, Cl2, and HOCl). Recently, Riedel et al. [2012] calculated Cl atom
production rates from HCl, ClNO2, and Cl2 using observations made during the CalNex 2010 campaign
in Southern California. The study indicated that diel averaged Cl atom production peaked at 6.4 × 105

molecule cm�3 s�1, with 45%, 45%, and 10% of the production attributed to HCl, ClNO2, and Cl2,
respectively [Riedel et al., 2012]. Riedel et al. [2012] compared the calculated Cl atom concentrations with
modeled OH radical concentrations and suggested that Cl atoms may account for as much as 25% of the
daily alkane oxidation, acting as a significant source of peroxy radicals. Recent model calculations in the
Los Angeles region during CalNex suggest that the ratios of select VOCs may not be a sensitive indicator of
the net impact of Cl atom chemistry, due to secondary production of OH following Cl oxidation of VOCs
[Young et al., 2014].

In this study we describe direct, in situ measurements of HCl made using a newly developed chemical
ionization time-of-flight mass spectrometer (CI-TOFMS) [Bertram et al., 2011] deployed aboard the R/VAtlantis
during CalNex 2010. We use these observations, with coincident measurements of Cl-containing aerosol
and gas phase reactive nitrogen oxides (NOy), to assess the sources of HCl in the polluted marine boundary
layer. In situ observations are combined with model calculations to provide constraints on the production
rate of Cl atoms from HCl in polluted coastal regions of varying marine influence.

2. Experimental Methods
2.1. CalNex 2010 Campaign

The measurements discussed here were made aboard the R/V Atlantis as part of the CalNex 2010
multiplatform field campaign [Ryerson et al., 2013]. The R/V Atlantis provided a platform to measure the
outflow of pollution in the marine boundary layer along the coast of California during May and June 2010.
The R/V Atlantis ship track is shown in Figure 1a, where measurements have been divided into two sampling
regions: Southern California (SC) and Northern California (NC). The SC region is defined as the coastal
sampling area near Los Angeles between 121° and 117° W and 32° and 34.5° N. Conversely, the NC region
comprises of the region between 37.5° and 39°N and 123° and 120°W, containing an inland region up to
160 km from the coast. HCl point sources in SC and NC regions, as defined by the CEIDARS Database
(V. Agusiegbe, personal communication, 2012) are included in Figure 1a and are discussed further in section 3.6.

2.2. HCl Measurements via Chemical Ionization Mass Spectrometry

Chemical ionization time-of-flight mass spectrometry (CI-TOFMS) was used for the selective, sensitive
detection of HCl. The instrument has been previously described by Bertram et al. [2011] with respect to the
detection of gas phase formic acid. Here we describe the same instrument and ion chemistry as applied to
the detection of HCl. Briefly, ambient air is pulled through a 7.6 m, 0.64 cm ID perfluoroalkoxy-heated inlet
(temperature controlled to 35°C) at 10 standard liters per minute (sLpm) and 933 mbar, resulting in an
average residence time of 1.5 s. The sample line was configured to subsample from the primary inlet flow at
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180° relative to the initial flow direction. As such, the
reverse facing sample line acted to inertially remove
large particles from the sampling line. Calculations
based on particle stopping distance, constrained
by the inlet flow rates and tube dimensions,
suggest that the inlet served to remove particles
larger than approximately 2.5 μm (dp). Ambient air
was subsampled again from the primary sample
line through a critical orifice that restricted the flow
entering the ion-molecule reaction region (IMR) to
1.7 sLpm, with the remaining flow pulled through a
bypass line. In the IMR, HCl reacts with acetate ions
(R3), which are produced by mixing 10 cm3 min�1

STP of a saturated flow of acetic anhydride with
2200 cm3 min�1 STP of ultrahigh purity (UHP)
nitrogen (N2) and passing the mixture over a
210Po ionization source orthogonal to the IMR.
Acetate ions react with HCl via proton
abstraction, resulting in the formation of a
chloride ion (R3) [Veres et al., 2008].

CH3C Oð ÞO� þ HCl→CH3C Oð ÞOHþ Cl� (R3)

It is also possible for an acetate-HCl cluster to form
in the IMR region. During CalNex, the CI-TOFMS was
operating in a declustering configuration, where
clusters were collisionally dissociated in the second
stage of pumping. Therefore, all HCl was detected as
Cl�. Following collisional dissociation, the ion beam
is further focused by a second RF-only quadrupole
before entering the extraction optics for the time-
of-flight (TOF) mass analyzer. The extraction
frequency of the TOF was held at 66 kHz during
CalNex, permitting measurement of organic and
inorganic acids with mass-charge ratios between
�10 and �200 m/Q. Raw spectra were subsequently
time averaged and saved at 2 Hz.

HCl calibrations were conducted in the field using a
calibrated HCl permeation source (VICI Metronics).
The permeation source was calibrated in the
laboratory following the CalNex deployment by
trapping the effluent in an alkaline water matrix for
subsequent analysis via ion chromatography
(Metrohm ion chromatograph, single column, and
chemical suppression). The permeation rate was
measured to be 17± 2 ng min�1 at 50°C. The
permeation source was housed in a custom-
machined aluminum block, temperature
controlled to 50°C, with ± 0.1°C precision. UHP N2

was continuously passed over the permeation
source and was subsequently further diluted with
N2 to achieve a constant mixing ratio of 1.1 ppb
HCl that was added to the tip of the heated CalNex
inlet. Calibrations were conducted every 90 min forTa
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a total of 293 calibrations during the campaign. Background determinations were conducted every 30 min
by overflowing the inlet with UHP N2 (882 total).

In what follows, we first discuss the CI-TOFMS and the factors that contribute to the accuracy and precision of
the instrument. We then discuss factors that contribute to systematic biases that may be imposed by the
CalNex inlet design. The campaign average sensitivity, as determined through both direct calibrations and
standard additions, was 104 ± 66 Hz ppt�1, a factor of 3 lower than our previously reported sensitivity to
formic acid (338 Hz ppt�1) [Bertram et al., 2011]. This decreased sensitivity toward HCl, relative to formic acid,
is likely due to a combination of the relative transmission of the two acids through the inlet manifold (discussed
below) coupled with the mass-dependent ion duty cycle that limits sensitivity at lowm/Q [Guilhaus et al., 2000].
Assuming that random uncertainty in the observed counts follows Poisson statistics, the limit of detection for
HCl can be calculated using equation (E1), where cf is the calibration factor, [X] is the mixing ratio, B is the
background count rate, and t is the integration time [Bertram et al., 2011; Wood et al., 2003].

S
N
¼ cf X½ �t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cf X½ �t þ 2Bt

p (E1)

Using a calibration factor (cf ) of 104 Hz ppt�1, an upper limit to the observed background count rate (B) of
1.3 × 105 ion s�1, the detection limit for 60 s averages and a signal-to-noise of 3 is 2 pptv. The limit of
detection as calculated using the 3σ variability in all of the measured background determinations performed
during CalNex yields a detection limit of 97 pptv. For comparison, remote oceanic mixing ratios of HCl
typically range from 100 to 300 pptv, while urban regions can range from 100 pptv to above 1 ppbv [Graedel
and Keene, 1995], placing the detection limit during CalNex at the lower end of typical ambient HCl mixing
ratios. Continuous measurement of the H37Cl to H35Cl ratio during CalNex revealed a ratio of 0.27 ± 0.04,
lower than the expected isotopic ratio of 0.32. The consistency of the ratio over all sampled air masses and
during HCl calibrations suggests that the deviation is instrumental rather than a contamination at either m/Q.

The high background count rate observed during CalNex is attributed to a steady flux of HCl in the reagent ion
delivery line, emanating from either the liquid nitrogen dewar, the gas handling lines, or the walls of the ionizer
itself. Due to the small electron capture cross section for acetic anhydride [Cooper and Compton, 1973], we
expect that trace HCl was directly ionized in the polonium source resulting in a stable, high, Cl� background. In
experiments following CalNex, the addition of trace O2 to the ionizer (<1%) resulted in a 2–3 order ofmagnitude
reduction in the Cl� background signal. The high Cl� background observed on CalNex is hypothesized to
be a result of the reaction of electrons with HCl adsorbed to the walls of the polonium ionizer that were
quenched following the addition of O2, which can serve to efficiently remove electrons prior to wall reactions.

As described to this point, uncertainty in the HCl calibration gas concentration (±10%) is the primary factor
contributing to the absolute accuracy of the HCl measurement. However, the required use of an inlet on the
R/V Atlantis introduces systematic bias in the measured HCl concentrations, resulting from (i) HCl
repartitioning in our heated inlet (positive bias), (ii) acid displacement reactions occurring on the inlet walls
(positive bias), and (iii) HCl loss to the inlet surfaces during transit to the detection axis (negative bias). In what
follows, we constrain each of these terms using a combination of in-field diagnostics, post-campaign
experiments, and thermodynamic models.

To assess the impact of HCl volatilization from chloride-containing particles entrained into the sampling inlet
on our measured HCl (g) signal, we use the Extended Aerosol Inorganics Model (E-AIM) Aerosol
Thermodynamic Model (version IV). Specifically, we initialize the model with median temperature (288 K), RH
(83%), and gas and aerosol chemical composition and calculate the resulting HCl and pCl� for ambient
conditions. We then change the temperature to 308 K, the temperature of our inlet, calculate the corresponding
change in RH, and then calculate the percent change in HCl relative to the 288 K case using E-AIM. This method
is used to estimate the potential systematic bias in our observations stemming from HCl repartitioning.
For themedian conditions encountered on CalNex, inlet HCl repartitioning results in a +10% systematic positive
bias in the measurement with a range of <10% to 28% expected for the range of RH values observed (23%
to 97%). We use in-field standard additions of HNO3 to the inlet to assess the role of acid displacement reactions
occurring on the inlet walls in biasing our HCl measurements. The inlet was changed either every second day
or when the HNO3 additions led to HCl production in the inlet, leading to greater than 20% increase in HCl
signal. As such, it is estimated that acid displacement reactions occurring on the CalNex inlet result in a +20%
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systematic positive bias in the measurement (conservative upper estimate). Measurement of HCl transmission
efficiency both during CalNex and post campaign, as determined via standard addition of HCl to the inlet,
ranged between 77% transmission at relative humidity less than 5% and 45% transmission for RH= 80%.
However, given that the calibration gas (during both standard additions and calibrations) also traveled the
length of the inlet, direct correction of our measurements using the laboratory-derived transmission efficiency
would further bias the reported mixing ratios. As such, in what follows, we do not correct the HCl observations
based on the three systematic biases reported here but rather use these diagnostic tools to bracket our
certainty in the retrieved concentrations. Collectively, the systematic biases reported here amount to a
conservative estimate to the uncertainty in the reported HCl measurement of +30% and �55%. Since
CalNex, the inlet has been redesigned, using a high-flow (10 sLpm), low-pressure (200 mbar) heated inlet
that permits HCl transmission greater than 95% at 80% RH.

2.3. Concurrent Measurements

NOx and NOy measurements were made using photolysis and Au-tube conversion (325°C, H2), respectively,
each followed by O3 chemiluminescence at 1 Hz averaged to 1 min [Williams et al., 2009]. NOzwas calculated
as the difference between NOy and NOx (NOz≡NOy�NOx). All gas phase measurements were averaged to
1 min time scales and filtered to remove self-sampling of the R/V Atlantis ship exhaust by using relative wind
direction (�67.5° to 67.5°, measured by a wind vane anemometer). Data were also removed when the relative
wind speed was <0.5 m s�1 as ship air was likely sampled rather than ambient air.

A two-stage multijet cascade impactor [Berner et al., 1979] sampled submicrometer (<1 μm) and
supermicrometer (>1 μm and <10 μm at 60% RH) particles at variable sampling intervals between 2 and
13 h. Extracts were analyzed on board using ion chromatography (IC) to determine ion concentrations,
including particulate chloride (pCl�), sodium (pNa+), and magnesium (pMg2+) as well as particulate sulfate
(SO4

2�), ammonium (NH4
+), and nitrate (NO3

�) [Quinn et al., 2000] and reported at 25°C, 1013.25 mbar with
an uncertainty of ±10%. However, as pCl� is dependent on the liquid water content of the particle, drying of
the particle (from amean value of 83% in the ambient air to 60%) may result in a loss of pCl� via volatilization
of HCl. Therefore, the pCl� concentrations reported should be considered lower limits.

2.4. Particulate Chloride Deficits

Comparisons of pCl� and pNa+ ratios in fresh sea spray and surface seawater have been investigated
previously and are shown to be conserved. Molar ratios of pCl� and pNa+ are reported to be 1.165 in fresh sea
spray [Millero and Leung, 1976; Wilson, 1975]. Considering that pNa+ is a conservative tracer of sea salt, the
amount of pCl� in fresh sea spray (ssCl�) can be calculated using the following equation:

ssCl� ¼ pNaþ�1:165 (E2)

where pNa+ is the measured particulate sodium molar concentration [Keene et al., 1986]. Therefore, the
absolute chloride depleted from sea spray particle (dCl) and the fraction of chloride lost from the aerosol
population (fCl lost) can be determined using equations (E3) and (E4), respectively.

dCl ¼ ssCl� � pCl� (E3)

f Cl lost ¼ dCl
ssCl�

(E4)

For this analysis, dCl is converted to ppb equivalents for comparison to ambient HCl mixing ratios.

3. Results

During CalNex, large spatial differences in the HCl signal were observed. HCl mixing ratios were highest in the
SC region, ranging from 0 to 16 ppb with a median mixing ratio of 1.3 ppb (interquartile range: 0.5–32.7 ppb)
and a mean of 2.2 ± 2.3 ppb (1σ), as expected, due to the sampling of a series of outflow events from the
Los Angeles basin coupled with high pCl� concentrations. The mixing ratio of HCl in the NC region ranged from
0 to 1.9 ppb (median: 0.19 ppb and interquartile range: 0.10–0.38 ppb) with a mean of 0.27±0.22 ppb (1σ).
The observedmeanmixing ratios are within the range of previousmeasurements in similar regions [Graedel and
Keene, 1995; Keene et al., 2007; von Glasow and Crutzen, 2003], while maximum HCl mixing ratios in SC are
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among the highest observed in polluted marine regions. In the following sections, we discuss the
spatiotemporal variability in the SC sampling region during CalNex.

3.1. Spatial Variability in HCl in Coastal Southern California

Given the short atmospheric lifetime for HCl in the marine boundary layer (1–2 days), strong heterogeneity in
the sources of HCl, and the well-characterized land-sea breeze circulation in coastal California [Bao et al.,
2008; Langford et al., 2010; Lu and Turco, 1994, 1995], we expect significant spatiotemporal variability in HCl
mixing ratios in the CalNex observations. To assess the strong spatial variability in the HCl measurements in
coastal Southern California, observations made between 119° and 117.75°W and 33.3° and 34.2°N were binned
into sixty 5 km× 5 km bins. Binnedmedian HCl observations, shown in Figure 2, were further separated by time
of day. Daytime mixing ratios of HCl (7 A.M. to 7 P.M., local time) routinely exceeded 5 ppb (Figure 2a), most
notably in the primary region of the outflow of the Los Angeles Air Basin, while nighttime HCl mixing ratios

Figure 2. Binned (~5 km × 5 km) median HCl mixing ratios during day ((a) 7 A.M.–7 P.M. local time) and night ((b)
7 P.M.–7 A.M. local time) as observed in the Southern California sampling region. The red circles indicate a region where
outflow was sampled. The R/V Atlantis ship track is shown in gray.

Figure 3. (a) Median HCl mixing ratio (red circles), (b) NOz (NOz≡NOy�NOx) mixing ratio (red squares), (c) wind direction
(purple circles), and (d) carbon monoxide (CO) (purple squares) as measured in the Southern California sampling region.
The shaded regions depict the interquartile range.
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were consistently below 3 ppb
(Figure 2b). This day-night variability may
either be a result of diel changes in
meteorological conditions and/or
photochemical production mechanisms.

3.2. Temporal Distribution of HCl in
Coastal Southern California

Figures 3a–3b depict themedian bihourly
mixing ratios of HCl and NOzmeasured in
SC. NOz is used as an upper limit for the
nitric acid (HNO3) mixing ratio as our
CI-TOFMS was not configured during
CalNex to make quantitative
measurements of HNO3. HCl mixing
ratios indicate a clear diel profile peaking
at 11 A.M. The amplitude and hour of the
peak mixing ratio varied slightly from day
to day due to spatial variability in HCl
mixing ratios and the R/VAtlantis sampling
location and objectives. In contrast, the
NOz mixing ratio peaked at
8 A.M., much earlier than expected based
solely on a photochemical HNO3

production mechanism, suggesting that
the following may be important in
describing the diel behavior of HNO3: (1)
correlation with the temporal profile in
wind direction, driven by land-sea breeze
circulation, (2) the R/V Atlantis sampling
bias toward making coastal
measurements during morning hours,
leading to higher NOz mixing ratios in the
morning near urban coastal areas and
lower NOz mixing ratios in the afternoon
while sampling clean marine air, (3)
reactive uptake of HNO3 to sea spray
aerosol that is competitive with the
production of HNO3, therefore removing
HNO3 as soon as it is produced, and/or (4)
nitrogen oxides other than HNO3

contribute to NOz, causing the peak in the diel cycle to correspond with the production of other reactive nitrogen
oxide species. To assess the role of meteorology in influencing the diel profile of HCl and NOz, the diel profile of
the wind direction in the SC region is shown in Figure 3c. These observations confirm that, on average, the
wind was blowing offshore during the morning hours during peak NOz concentrations and onshore through
much of the late morning, afternoon, and evening, similar to the profile observed by Lu and Turco [1995],
where the sea breeze began to blow onshore at 11:00 A.M. local time and continued into the evening [Jacob, 1999;
Lu and Turco, 1994]. This is supported by the diel profile in carbon monoxide (CO) shown in Figure 3d. The CO
profile peaks in the morning while offshore winds were being sampled and decreases at 11 A.M. as the wind
shifts and clean marine air pushes onto the coast. The lower CO level persists through the evening as the wind
continues to move onshore.

The observed time delay between peak NOz and HCl mixing ratios, 7 A.M. and 11 A.M., respectively, has
been observed in previous studies [Graedel and Keene, 1995; John et al., 1988] and could be indicative of

Figure 4. (a) Instantaneous Cl atom production rate (PCl) as calculated
from (b) median HCl observations in the Northern (green) and
Southern (red) California sampling regions and (c) modeled diel OH
concentrations. The shaded region represents the interquartile range.
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thetime scale required for HCl production from HNO3 acid displacement reactions, highlighting the role of
secondary HCl production. As shown in Figure 3b, the NOz profile broadens from 7 A.M. to midday, potentially
masking two distinct peaks at 7 A.M. and solar noon, coinciding with offshore flow as determined by CO and
peak OH concentrations, respectively. In contrast, HCl measurements peak near 11 A.M.

3.3. Chlorine Atom Production

The production rate of Cl atoms was calculated (Figure 4a) from the median HCl time series for both the
Northern and Southern California sampling regions (Figure 4b), assuming that the reaction of HCl with OH is
the only significant reaction pathway converting HCl to Cl atoms. Since the OH measurements were not
made aboard the R/V Atlantis during CalNex, OH concentrations were modeled (Figure 4c). The average O3

photolysis rates were measured aboard the R/V Atlantis using a filter radiometer [Stark et al., 2007] and were
used to parameterize O(1D) [Seinfeld and Pandis, 2006] with the loss constrained by the observed mixing
ratios of speciated volatile organic compounds, including methane, short chain alkanes (ethane, butane,
pentane, and propane), and short chain alkenes (butene, propylene, and ethylene) [Kuster et al., 2003; Riedel
et al., 2012]. The modeled OH concentration peaks at 5.3 × 106 molecules cm�3 with a [OH]avg of 1.3 × 106

molecules cm�3, which is in agreement with previous studies for the SC sampling region [Riedel et al., 2012].
The instantaneous Cl atom production rate peaks at 2.9 × 105 molecules cm�3 s�1 (12:00), and the 24 h
average Cl atom production rate was calculated to be 6.1 × 104 molecules cm�3 s�1 for this region. In
contrast, the Cl atom production peaks at 9.9 × 103 molecules cm�3 s�1 (12:00), and the 24 h average Cl atom
production rate was calculated to be 2.5 × 103 molecules cm�3 s�1 for the NC sampling regime. Other studies
of Cl atom production rates in polluted and marine regions have reported a range in values from 4 × 103 to
4 × 106 molecules cm�3 s�1 for ClNO2 and Cl2 [Finlayson-Pitts, 1993; Ganske et al., 1992]. Recently, Riedel and
coauthors utilized a Master Chemical Model to model the Cl atom production from a HCl, ClNO2, and other
Cl-containing species in the Los Angeles outflow region and calculated a maximum Cl atom production rate
of 0.5 × 106 atoms cm�3 s�1 at noon for the “without-ClNO2” scenario, of which HCl is the dominant source.
Conversely, the “with-ClNO2” scenario resulted in a maximum Cl atom production rate at 7 A.M. of 3.4 × 106

atoms cm�3 s�1, which corresponds to the maximum contribution via ClNO2 photolysis [Riedel et al., 2013].

3.4. Sea Spray Aerosol Dechlorination

The frequency distribution for HCl observations, as measured in both NC and SC are presented in Figures 5c and
5d. The mean observed HCl mixing ratio in NC was 0.27± 0.22 (1σ) ppb (median: 0.19 and interquartile range

Figure 5. Observed frequency distribution of particulate chloride concentrations and HCl mixing ratio in the (a, c) Northern
and (b, d) Southern California sampling regions.
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(iqr): 0.10–0.38 ppb), as compared to 2.2± 2.3 (1σ) ppb (median: 1.3 and iqr: 0.53–2.7 ppb) for the SC region.
For comparison, themean observed NOzmixing ratio was 0.17±6.0 (1σ) ppb (median: 0.43 and iqr: 0.29–0.59 ppb)
and 2.3±22 (1σ) ppb (median: 0.62 and iqr: 0.28–1.6 ppb) for the NC and SC regions, respectively. Asmentioned in
section 3, lower HCl mixing ratios in the NC region reflect a larger fraction of sampling time spent inland along
the Sacramento River, where pCl� concentrations are expected to be lower. The fraction of sea-salt Cl� that
has been lost from the aerosol population (fCl lost; submicrometer and supermicrometer) and the particle Cl�

deficit (dCl) were calculated via (E3) and (E4), respectively [Laskin et al., 2012].

As shown in Figure 6a, sea spray aerosol Cl� is heavily depleted in NC, with all samples exhibiting net
depletion of Cl�. This corresponds to a mean pCl� deficit of 0.05 ± 0.03 (1σ) ppb. Assuming HCl (g) and pCl�

have similar lifetimes, an upper limit for the net HCl produced via dechlorination reactions from the
sampled particle population (Figure 6c) can be determined. Figures 6b and 6d depict fCl lost and dCl for the
SC sampling region. In contrast to the NC samples, over 25% of SC samples indicate no net pCl� depletion
but rather an addition of Cl� to the particle population. In the SC sampling region, our measurements
indicate a mean pCl� deficit of 0.49 ± 0.79 (1σ) ppb, small compared with the mean HCl mixing ratio of
2.1 ± 2.3 (1σ) ppb. In a closed system, where τHCl = τpCl�, this would suggest that sources other than sea-salt
aerosol are required to sustain this disparity.

Previous measurements have shown Cl� depletion to be more significant on submicrometer particles than
supermicrometer particles [Kerminen et al., 2000;McInnes et al., 1994]. This observation has been attributed
to (1) lower surface to volume ratio and/or diffusive limitations for heterogeneous and multiphase
reactions occurring on supermicrometer particles, (2) shorter atmospheric lifetime of supermicrometer
particles as compared with submicrometer particles, and (3) differences in particle liquid water content and
particle pH [Fridlind and Jacobson, 2000; Keene et al., 1998]. Figures 7a and 7b depict cumulative
distribution functions (CDFs) of fCl lost and dCl for submicrometer and supermicrometer particles separately
as measured in the Southern California sampling region during all of CalNex. The observations indicate
that submicrometer particles are more depleted in Cl� (Figure 7a) than supermicrometer particles.
However, the concentration of Cl� depleted from the particle is higher in the supermicron mode as
expected since the majority of the Cl� mass exists in the supermicrometer mode (Figure 7b; pCl� (dp >1 μm)/
total pCl�=0.94± 0.11).

Figure 6. The frequency distribution of the calculated fraction of particulate chloride removed from sea spray particles in
the (a) Northern and (b) Southern California sampling regions and (c, d) the calculated particulate chloride deficit in ppb
equivalent for the entire particle size range (<1 μm to 10 μm). The cumulative distribution function for each distribution is
also included on the right axis.
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3.5. Gas-Particle Partitioning of HCl

Calculation of the partitioning of HCl
between the gas and aerosol phases for
the average conditions in the Northern
and Southern California sampling
regions was conducted using the
Extended Aerosol Inorganic Model (E-
AIM) Aerosol Thermodynamic Model IV
and constrained by the mean
observations of gas- and particulate-
phase chemical composition (including
Na+, NH4

+, Cl�, NO3
�, and SO4

2�) in
addition to relative humidity in each
region. The initial cation input was
increased by less than 10% by
combining Mg2+ concentrations to Na+

and thereby obtaining charge balance.
The equilibrium calculations resulted in
submicrometer and supermicrometer
HCl/pCl� ratios (in mol/mol) of 78.3 and
10.7, respectively, for the NC sampling
region. Calculated HCl/pCl� ratios were
within 33% and 9% of the observed
ratios for the submicrometer and
supermicrometer size ranges,
respectively. In SC, the calculated HCl/
pCl� ratios for submicrometer and
supermicrometer particles were 26.9
and 0.92. These ratios are within 2%
(submicrometer) and 1%
(supermicrometer) of the HCl/pCl� ratio
observed in the ambient data. Keene
et al. [2007] observed a HCl/pCl� ratio of
12.7 for all particles off the coast of
Maine. For comparison, a ratio of 10.7
was observed during CalNex, within 20%

of the observations in Maine. In both the submicrometer scenarios for SC and NC regions, the pH of the
aerosol was calculated to be 2 and 2.7, respectively, which is consistent with previous particle acidity studies
[Fridlind and Jacobson, 2000; Keene et al., 2004]. While the SC supermicrometer analysis suggests a pH of 3.4,
the NC supermicrometer particles indicate a pH of 7.1, higher than the pH range (2–6) observed in some
previous observations and models [Fridlind and Jacobson, 2000; Keene et al., 2004]. A pH of this alkalinity
would result in a net loss in HCl, which is unlikely, as no Cl� addition was observed in this region. The slightly
alkaline pH calculated for supermicrometer particles might be an artifact of the uncertainty in the
measurement as well as the calculation. Estimating pH has inherent uncertainty due to the limitations of the
model (e.g., assumption of thermodynamic equilibrium, estimation of dissociation constants for strong acids,
etc.) and the averaging of data over long sampling periods and an extensive sampling region; all of which are
compounded by the uncertainty in the measurements [Keene et al., 1998; Young et al., 2013].

3.6. Primary HCl Emissions in Northern California

Here we describe a subset of the CalNex observations taken along the Sacramento River. These observations
provide a unique opportunity to sample air that has variable amounts of marine influence in addition to a
number of industrial facilities, including West Contra Landfill, Dow Chemical Company, and Conoco Phillips
Refining Company. HCl emission rates for West Contra Landfill and Dow Chemical Company are estimated in

Figure 7. (a) Cumulative distribution function (CDF) of the fraction of
chloride removed from submicrometer (blue squares) and supermic-
rometer (red circles) particles in Southern California sampling region. (b)
CDF of the calculated chloride deficit (in ppb) for submicrometer (blue
squares) and supermicrometer (red circles) particles in the Southern
California sampling region.
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the ARB inventory to be 3.65 × 10�6 and 1.80 × 10�5 Tg HCl yr�1, respectively, with the Conoco Phillips
Refining facility having the largest emission rate of 4.30 × 10�5 Tg HCl yr�1. Between 4 and 6 June 2010, the
R/V Atlantis traveled through the Carquinez Strait, sampling each of these isolated emissions sources
(Figure 8a). Due to consistent westerly winds (230° ± 46° (1σ) and 4.5 ± 3.0 (1σ) m s�1) encountered during
our transect of the San Francisco Bay, as shown in Figure 8b, Carquinez Strait, and Sacramento River, the
observations can to first order be discussed within a Lagrangian model framework, where we sampled a

Figure 8. (a) The R/V Atlantis ship track along the Sacramento River in Northern California colored by HCl mixing ratio. Colored
circles depict primary HCl sources in Northern California as defined by the California Emissions Inventory Development and
Reporting System (CEIDARS Database). The color and size of the circle represents the source type and HCl emission rate,
respectively. Gray boxes indicate the bin sizes (15 × 15 km) used to bin the observations. (b and c) Binned wind direction and
mixing ratios of HCl and particulate chloride (pCl�) observed in this region are shown as a function of distance inland.
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marine air mass that progressed through the San Francisco Bay toward Sacramento. Figure 8c depicts
binned pCl� and HCl observations as a function of distance from the coastline along the Sacramento
River. Here we focus on the sum of HCl (g) and pCl�, as diel variations in oxidant loadings, temperature,
and particle acidity complicate the interpretation of HCl or pCl- independently. The sum of HCl (g)
and pCl� (hereafter ΣCl) are at a maximum directly offshore of the San Francisco Bay, reaching a
combined mixing ratio of 3.9 ppb. As the R/V Atlantis proceeded under the Golden Gate Bridge and into
the San Francisco Bay, ΣCl dropped rapidly to 0.88 ppbv.

4. Discussion

Current global reactive chlorine emission inventories estimate that greater than 80% of total tropospheric
HCl production stems from particle dechlorination reactions [Keene et al., 1999]. Anthropogenic HCl
emissions are expected to be highly variable spatially and have not been adequately constrained by
observations, thus limiting our understanding of the impact of chlorine catalyzed chemistry, especially in
continental regions [Faxon and Allen, 2013; Thornton et al., 2010]. In the following section we explore the
relative source strengths for HCl from sea spray dechlorination reactions and direct emission to the
atmosphere using both aerosol chloride and gas phase HCl observations in the Northern and Southern
California sampling regions.

The NC and SC sampling regions represent two different regimes, influenced by varying levels of sea spray
and urban outflow. Themixing ratio of NOz in SC is significantly higher than themixing ratio in NC, potentially
due to more sampling time spent near polluted urban areas off the SC coast as compared with the
Sacramento Delta. This outflow dependence is particularly highlighted in Figure 2 where elevated levels of
HCl are observed primarily in the “outflow corridor” in the SC region. The lower availability of outflow
containing HNO3 and lower concentration of pCl� in NC leads to a lower mixing ratio of HCl (max: 1.9 ppb)
than that observed in the SC region (max: 16 ppb) and therefore results in differences in the Cl atom budget
from HCl in these regions (Figure 4).

Observations of the pCl� availability and corresponding HCl levels in the two regimes highlights potential
differences in the production pathway for HCl between these regions. The SC region is characterized by a
large range in HCl mixing ratios that are within the range of pCl� mixing ratios measured (Figure 5).
Conversely, the mixing ratios of HCl are significantly higher than the mixing ratios of pCl� available in the NC
region. This discrepancy between the HCl and pCl� levels in the NC region may suggest the influence of HCl
primary emissions sources, assuming that the lifetime of HCl is similar to the lifetime of the aerosol.

A large contribution of primary emissions to the HCl budget relative to sea spray dechlorination in NC may
shift the equilibrium of HCl and pCl� and the associated aerosol acidity. Though a net chloride deficit was
observed in the SC region, the NC region contained an addition of chloride, particularly the submicrometer
particles (Figure 7). Diminishing HCl volatilization and therefore the ability of a particle to buffer its acidity
could lead to a suppression of the uptake of strong acids to the particle [Keene et al., 1998], affecting the pH of
the multiphase system and the chlorine chemistry within the region. Though previous studies have
suggested the influence of HCl point sources from comparisons of HCl and pCl� deficits, many assume a
similar lifetime of HCl and pCl�. Often this is not the case, as larger particles, which are responsible for the
majority of pCl�, have short lifetimes in comparison with HCl. However, primary emissions of HCl are
suspected to be influential, particularly in the Northern CA region, where known HCl point sources were
downwind of the sampling platform. If the transect through the NC region is treated in a Lagrangian
framework, in the absence of nonmarine sources for HCl or pCl�, it is expected that ΣCl mixing ratios will
decay with a time constant set by the lifetime of ΣCl. In contrast, our observations (Figure 8c) indicate the ΣCl
increases as the R/V Atlantis proceeds through the Carquinez Strait toward Sacramento, while particulate Cl�

mixing ratios decrease from 0.3 ppb at the coastline to 0.09 ppb before the air mass leaves the San Francisco
Bay (45 km), suggesting a potential role for nonmarine sources of HCl. However, the observed change in the
ΣCl could also be a result of meteorological changes. Unfortunately, the ship’s position and the general
objectives of the CalNex campaign did not permit direct measurement of HCl emission ratios from these
point sources, and therefore, the extent and significance of such emissions are beyond the limitations of this
study. Nonetheless, our observations suggest that quantifying HCl emissions from point sources such as the
refineries in the Carquinez Strait will be required to accurately model HCl and pCl- concentrations in these

Journal of Geophysical Research: Atmospheres 10.1002/2013JD020992

CRISP ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6911



regions. Quantifying such emissions will provide constraints on the (1) HCl budget, (2) acidity of the
multiphase system, and (3) chloride availability, particularly in inland regions, which has been of increasing
interest as of late (e.g., ClNO2 production from N2O5 chemistry).

5. Conclusions

Ship-based observations of gas phase HCl, pCl�, and NOy in coastal California weremade during CalNex 2010.
Median mixing ratios of HCl were 1.3 ppb (interquartile range: 0.53–2.7 ppb) and 0.19 ppb (interquartile
range: 0.10–0.38) for Southern and Northern California, respectively, with a maximum above 16 ppb. When
compared to the available pCl� for these regions, point emissions of HCl were shown to be a potentially large
source of HCl, which are not accurately accounted for in current HCl emission inventories. Analysis of
available inventories illustrates potentially significant discrepancies in the reported contribution of HCl
primary emissions. Future studies are needed to expand the currently limited HCl database as well as
better characterize HCl point sources and their contribution to the HCl and Cl atom budget, especially in
continental regions where dechlorination pathways are limited. Quantification of HCl direct emissions will
advance our understanding of the role of halogen activation processes, like those involving ClNO2, in regional
chemical transport models.
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